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CONCERNING  VARIATIONS  OF  THE  DISCHARGE  MECHANISM 
IN  GASSES  UNDER  HIGH  PRESSURE 


G.  N.  Aleksandrov 

Doctor  of  technical  sciences,  G.  M.  Aleksandrov  is  a  lecturing  professor  for 
high  tension  technology  at  the  "M.  I.  Kalinin"  Leningrad  Polytechnic  Institute 


The  use  of  pressurized  gasses  in  high  tension  apparatus  and  facilities, 
particularly  those  gasses  with  greater  electrical  resistance  than  air,  e.g., 

SFg,  presupposes  a  thorough  analysis  of  the  physical  processes  of  the  gas  dis¬ 
charge.  Until  now  there  was  no  practical  theory  of  the  development  of  discharge 
in  pressurized  gasses,  so  that  its  use  in  high  tension  technology  has  proceeded 
with  caution,  especially  because  of  the  well  known  "anomaly." 

In  this  work  an  explanation  is  given  for  some  well  known  experimental 
results  for  pressurized  gasses,  by  analysis  of  the  conditions  for  spontaneous 
discharge,  with  consideration  of  the  photoelectric  process. 


1.  Homogenous  Field 

Analysis  of  the  causes  of  the  variation  of  the  discharge  mechani-m  in 
gasses  in  a  homogenous  field  during  variation  of  the  spark  distance  «  ar.f  the 
gas  density  4  ,  showed  that  the  increase  in  the  numbers  of  electrons  in  the 
first  avalanche  is  a  consequence  of  the  absorption  coefficients  of  the  rhot^or 
in  the  gas  /l,  2,  .  The  condition  for  spontaneous  discharge  in  this  ca-e 

(without  consideration  of  photoelectric  generation  in  the  gas)  is: 
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9  Spatial  angle  from  which  the  cathode  is  viewed  from  the  midpoint  o*  the 
anode 

*  Proportionality  coefficient  between  the  number  of  effective  photons  and 
positive  ions  generated  by  the  first  avalanche 

* 

t  (p«)  Geometry  factor  which  takes  the  differential  degree  of  absorption  into 
account,  which  photons  move  along  the  shortest  paths  in  arbitrary  directions 
within  the  spatial  angle  9  towards  the  cathode  (numerical  values  in  [\ J  and 

i;  .  Absorption  coefficient  (accumulation  coefficient)  of  the  electrons  in  the 
gas 

«  Spark  distance 

/<  Absorption  coefficient  of  the  photons 

»  Ionization  coefficient 

«;*  Yield  of  electrons  caused  by  photons  hitting  the  cathode  during  the  first 
avalanche 


This  condition  can  be'  described  in  the  following  form: 


,4^  (a  —  i;  —  (i) 
WTiljjt  g  I  ft «) 


♦V#r  Number  of  electrons  in  the  first  avalanche  cf  the  spontaneous  discharge. 

It  follows  from  (2)  that  the  number  of  electrons  -v«  rises  expotentially 
with  increase  of  the  product  ,m  .  Thus,  for  example,  in  air  at  normal  atmos¬ 
pheric  conditions  (relative  air  density  4=1  at  p  -?6f  Torr  and  t-  20  f)  at  *»=.icn, 
iVM  =3.3*1^^  and  **  =3cm  already  —  *,» ■  10*  ^/T  and  J7- 

The  increase  of  Ku  with  the  increase  of  the  product  ««  also  leads  t**  an 
increase  in  the  number  of  positive  ions  which  are  left  by  the  avalanche  in  the 
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region  of  the  anode.  At  A’oi  >  1.5*19  the  effect  of  the  spatial  charge  of  these 
positive  ions  is  so  great  that  the  field  strength  at  the  anode  drops  to  such  an 
extent  that  avalanche -like  ionization  processes  are  no  longer  possible 

At  a  certain  distance  from  the  anode,  however,  the  field  strength  is  con¬ 
siderably  increased  /T,  2,  ^7*  The  consequence  of  this  is  that  the  secondary  . 
avalanches  cannot  extend  themselves  to  the  anode,  and  the  centers  of  ionization 
move  rapidly  away  from  the  anode  and  form  a  streamer.  Therefore,  in  a  homogenous 
field,  the  discharge  develops  at  only  into  an  avalanche  form;  however,  at 

9.5  the  discharge  takes  the  form  of  a  streamer.  This  threshold  condition 
does  not  apply  just  to  variation  in  spark  distance,  but  also  to  variation  in  the 
gas  density  (e.g.,  increasing  gas  pressure  at  constant  temperature).  Vith  in¬ 
creasing  gas  density  j ,  the  absorption  coefficient  p  of  the  photons  increases 
proportionately: 

i 

mi  Absorption  coefficient  at  i. 

Since  <»«  ,  the  gas  density  i  and  spark  distance  •  have  an  equal  effect 

on  the  development  of  the  discharge.  Thus  for  example,  at  6  =39 ,  the  number  of 

electrons  in  the  discharge  space  at  «  =  .lcm  is  2.9-19  ,  as  in  the  case  of 

'  7 

«=3cm  under  normal  atmospheric  conditions.  Therefore,  when  A'oi>  1.5  1C  in  both 
cases,  the  discharge  is  in  streamer  form.  Therewith,  the  well  known  manifesta¬ 
tion  of  variation  of  discharge  processes  independent  of  j>#  has  its  physical 
explanation. 

Vith  consideration  of  the  photoelectric  processes  in  the  gas  and  at  the 
cathode,  the  effect  of  the  surfaces  on  the  breakdown  pressure  at  a  constant 
spark  distance  can  be  explained.  According  to  equation  (2),  with  increasing 
angle  9  ;the  surface  of  the  electrodes  increases),  the  number  of  elections  .v„ 
declines,  and  the  breakdown  pressure  sinks,  (in  order  for  a  to  be  reduced,  the 
tension  must  be  reduced.) 

Consideration  of  photon  absorption  through  the  gas  makes  it  possible  to 


bring  into  accord  the  theoretically  and  experimentally  obtained  dependency  of 
the  breakdown  pressure  on  the  gas  density. 

It  is  sufficiently  well  known  that  the  breakdown  ores sure s  obtained  in 
various  gasses  in  a  homogenous  field  at  various  densities  i  bto  20)  can  give 
satisfactory  results  only  with  the  values  obtained  from  the  Townsend  equation 

y  (#<«-«>«_  ])  .  1  (4) 

when  V  varies  by  several  orders  of  magnitude,  which  is  not  physically  possible 
(when  <J  increases,  '/  becomes  smaller  even  though  the  breakdown  field  strength 
increases) . 

Equation  (l)  is  also  satisfied  for  experimentally  obtained  values  of  break¬ 
down  pressure  at  the  corresponding  values  for  «  and  r  when  and  .«•  remain 
constant.  Thus,  the  hypothesis  that  grants  the  absorption  of  photons  in  the  gas 
the  determining  role  is  justified. 

2.  Nonhomogenous  Field 

In  strongly  nonhomogenous  fields,  the  breakdown  pressures  obtained  are 
difficult  to  explain  theoretically  only  if  no  consideration  is  taken  of  the  ab¬ 
sorption  of  photons  in  the  gas.  A  vivid  example  is  the  "anomaly”  in  the  curves 
of  the  breakdown  pressure  as  a  function  of  the  gas  density  (Fig.  l) .  The  maxi¬ 
mum  breakdown  pressure  as  well  as  the  subsequent  nearing  of  the  breakdown  and 
starting  pressures  cannot  be  explained  with  the  Townsend  theory. 

In  the  case  of  cylindrical  or  spherical  fields,  the  conditions  for  spon¬ 
taneous  discharge  /equation  (l)7  ®ust  be  altered  insofar  as  the  variation  ^  the 
field  strength  along  the  path  of  an  avalanche  must  be  calculated.  If  the  inner 
electrode  of  a  cylindrical  condenser  is  negative,  one  obtains  the  following 
relationship: 


t 

—  n<r 

k]  *•  \4rmil 


<*> 
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r.  Radius  of  the  inner  electrode  (where  the  greatest  field  strength  is) 

r*  Radius  of  the  &undary  of  the  ionization  range  (where  •  ■*»») 

*0«r)  Geometry  factor,  which  has  the  same  meaning  as  the  factor  f(p«)  in  equa¬ 
tion  (l)  (numerical  value  in  f^J) . 


Pig.  1.  Influence  of  density  on  the  starting  and  breakdown  pressures  in  air 
(after  $/). 


spark  set-ups  positive  sphere  -  plate 
sphere  diameter  1cm 
spark  distance  10cm 


Keys  ordinates  starting  Ua  and  breakdown  1%  pressures!  abcissa:  relative  air 
pressure  6 


The  condition  for  the  spontaneous  discharge  in  that  case  where  the  inner 
electrode  is  positive  has  as  analogous  form  /~5 7.  only  is  substituted  with  the 
factor  s|f.  which  takes  the  generation  of  photo  electrons  in  the  gas  into  con- 
sideration.  At  the  constant  values  * «)**»* ■  10-»,  t  !.,,•» i- 10**  and  m  =3-3* i  <’m  *  the  -e 
conditions  for  spontaneous  discharge  agree  well  with  the  empirical  equation* 
for  corona  starting  tension  in  air  as  a  function  the  radius  of  =  cylindrical 
snark  set-ups 


(«) 

(7) 


Tquation  (5)  describes,  analogous  to  equation  (l),  the  connection  between 
the  number  of  electrons  in  the  first  avalanche  of  the  spontaneous  discharge  and 
the  radius  of  the  inner  electrode  as  well  as  the  gas  density,  "hi';  i~  valid  al~o 
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for  the  equation  for  the  positive  inner  electrode.  Vfith  a  known  value  rcr  the 
starting  field  strength,  which  can  be  determined  either  by  the  condition  'cr  the 
spontaneous  discharge  or  by  the  empirical  equations  (6)  and  (?),  the  calculated 
number  of  electrons  in  the  first  avalanche  is 

/(•  —  n><lr 

-V«  -  •'*  (8) 

The  values  therewith  calculated  for  a  positive  cylinder  with  a  radius  u  in 
air  are  depicted  in  Fig.  2.  ^or  all  adduced  values  of  r,  ,  the  number  of  electrons 
increases  rapidly  with  increasing  air  density.  -VM  is  also  a  function  off,:. 

The  greater  the  radius,  the  broader  the  ionization  zone  is  (longer  avalanches) . 

In  other  words,  more  photons  are  absorbed  by  gas  on  their  way  to  the  boundary 
of  the  ionization  area.  The  most  effective  secondary  electrons  are  generated  at 
the  boundary.  (Longer  avalanches  which  have  the  greatest  number  of  electrons  are 
generated.) 

Just  as  in  a  homogenous  field,  an  increase  in  the  number  of  electrons  .Vo, 
causes  a  greater  distortion  of  the  field  in  the  area  near  the  anode.  At  .Vw  5;  1,5 “  10' 
a  streamer  occurs  as  a  result  of  the  field  distortion.  This  threshold  value  is 
depicted  in  Fig.  2  with  a  line  parallel  to  the  abcissa  and  is  designated  x0s • 

Vith  increasing  radius  r,  ,  the  threshold  number  is  of  electrons  occurs  with  ever 
decreasing  density  that  is,  the  spontaneous  discharge  in  streamer  form  occurs 
with  increasing  r,  ’with  ever  less  air  density  (Fig.  2)  . 


At  small  soark  distances  (« g  i  on)  ,  the  occurence  of  a  streamer  immedi¬ 
ately  leads  to  breakdown,  since  the  streamer  bridges  the  entire  distance  between 
the  electrodes.  (The  electron  stream  heafs  the  streamer  channel  to  much  an  ex¬ 
tent  that  the  discharge  becomes  &  stream  c?  light.)  "r.der  the^e  condition-, 

the  breakdown  and  initial  pressures  lie  close  together  at  however,  a- 6  <6 

i 

the  breakdown  tension  Is  greater  than  the  starting  tension,  '"he  less  the  den¬ 
sity  i  is,  the  greater  is  the  difference  between  the  tw- ;  thus,  the  maximum 
the  curve  in  Fig.  1  is  also  explained. 
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At  large  spark  distances  (or  greater  gas  densities) ,  the  streamer 
by  the  initial  tension  does  not  bridge  the  gap  between  the  electrodes. 

5 
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^or  breakdown  to  occur,  the  greater  the  spark  distance  nr  gas  density  is,  the 
greater  the  tension  must  be  raised  over  that  of  the  initial  tension,  '"hue  al~o, 
whenJ>J*at  large  spark  distances,  the  breakdown  tension  is  greater  than  that 
of  the  initial  tension.  If  the  gas  pressure  is  raised  further,  the  values  for 
breakdown  and  initial  tension  approach  each  other.  As  the  number  of  electrons 
Not  i  ncreases,  the  streamer  channel  is  heated  up  by  the  electrons,  7hen  a 
certain  amount  of  electrons  moves  from  the  streamer  towards  the  anode  (tf«i 2:  Not m  M**)» 
the  portion  of  the  streamer  channel  in  the  region  of  the  anode  is  heated  to  such 
an  extent  that  themoionization  occurs.  This  enables  the  formation  of  a  new 
streamer  and  the  development  of  the  discharge  in  a  leader  form  /3  and  €J . 

The  air  density  Si,  at  which  the  number  of  electrons  is  Not**  iV0 L  ,  represents 
the  upper  limit  of  the  range  where  U4^  U,;  that  is,  at  6 2  SL  the  discharge  im¬ 
mediately  takes  the  form  of  a  leader.  The  point  of  intersection  of  the  curve 
Not  —  f(S)  with  the  parallel  II  to  the  abcissa  (Pig.  2)  represents  the  density  Si . 
7ith  increasing  >iy  ,  as  well  as  J«.  decreases;  that  is,  the  longer  r,  is,  the 
less  the  density,  where  the  curves  Ui—J(S)  and  V,  —f{S)  intersect,  independent  c* 
the  spark  distance.  At  large  spark  distances  at  S<SL  the  breakthrough  tension 
is  naturally  also  higher  than  the  initial  tension,  since  very  long  streamers 
with  a  large  amount  of  electrons  are  necessary  for  the  development  of  a  leader 
breakthrough,  through  which  the  maximum  in  the  curves  V4  —  f(d)  is  al~c  limited  at 
relatively  large  spark  distances.  It  is  clear  that  the  condition  Ss<Sl  must 
be  satisfied;  therefore,  at  large  spark  distances,  the  breakthrough  tension 
drops  at  higher  air  densities  than  it  does  for  short  spark  distances,  ’’aturally, 
this  comparison  is  valid  only  for  equal  **  . 

It  must  be  mentioned  that  the  experimentally  determined  values  o-f  sL  ? 
considerably  below  those  to  be  determined  in  Pig.  2;  however,  they  are  still 
greater  than  This  is  limited  in  that  the  .number  of  electrons  i.n  a  ^tres-er 

which  occurs  at  the  initial  tension  is  greater  by  an  order  of  magnitude  in  the 
first  avalanche  ' (*Voi),  since  the  streamer  is  composed  -f  a  number  r*  -equer.tia' 
avalanches.  The  number  of  electrons  in  .a  streamer  therefore  reaches  the  *hre-- 
hold  value  o f  N9i  at  even  low  air  densities. 
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Matin  lyfMtktt  t 


Fig.  2.  Influence  of  air  density  on  the  number  of  electrons  in  the  •ri- 
avalanche  of  a  spontaneous  discharge. 

Cylindrical  condenser,  radius  of  the  positive  inner  electrode  = 

1;  2;  3;  5  and  10cm 

I.  Minimum  number  of  electrons  of  the  first  avalanche  of  a  spon¬ 
taneous  discharge  at  which  a  streamer  forms 

II.  Number  of  electrons  in  a  streamer  that  is  sufficient  for  the 
formation  of  a  leader 

Key:  ordinate:  number  of  electrons  //oi  ;  abcissa:  relative  air  density*? 

During  the  formation  of  leaders  at  relatively  large  spark  distances,  the 
possibility  must  be  considered  that  an  electron  stream  can  exist  in  a  streamer 
channel  which  can  lead  to  an  elevation  of  the  temperature  in  the  channel.  I' 
one  considers  the  values  of  absorption  coefficients  >j  created  in  relatively 
weakly  ionized  gasses,  then  in  a  streamer  channel  at  i  —  l  (E a  £  20 kV/cm) ,  prac¬ 
tically  all  electrons  along  a  stretch  of  less  than  lcn  must  be  absorbed  by 
neutral  molecules.  On  the  other  hand,  however,  in  many  experiments  with 
streamers  with  lengths  of  several  centimeters  up  to  more  than  lncm,  an  electron 
stream  can  still  be  measured  (e.g.,  in  /?/) •  This  can  be  explained  -nip  by 
assuming  that  the  absorption  coefficient  in  the  streamer  char.ne1  i~  smaller  by 
several  orders  of  magnitude.  Indeed,  the  concentration  cf  charre*  car^icle^  in 
the  streamer  channel  (which  were  generated  by  a  different  ionization)  is  ir.  the 
order  of  magnitude  of  loncm-*.  Along  with  the  ionization,  there  is  also  an  ex¬ 
citement  of  neutral  molecules,  so  that  there  are  *  jreat  number  o*  molecules  in 
an  excited  state  present  in  the  gas  (excitement  energy  .  f  tc  1  e,f)  .  7hen  the 
excited  molecules  collide  with  negative  ions,  the  latter  disintegrate,  and  ■'‘roe 
electrons  are  generated  [^J ,  If  these  occurences  are  considered,  then  the 
Tcepler  theory  of  the  creation  of  the  spark  channel  from  the  first  ionized 
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channel  by  near. 3  of  the  conversion  of  the  enemy  -f  the  electrical  fie’J.  ir.t* 
heat  energy,  as  a  consequence  c-r  the  rapid  movement  -f  the  dir.char.ge  in  the 
channel,  can  he  applied  /^/.  1.  Loeb  offered  the  opinion,  that  negative  ion-  in 
gas  d i scharge s  at  E/p  <  w>  v.'cm •  Torr  cannot  disintegrate.  There'pore,  he  had  to 
discount  Toepler's  hypothesis  and  find  another  nechanisn  which  would  explain  the 
considerable  elevation  of  the  charge  earrler  concentration  in  the  first  ionized 
channel  (secondary  streamers  and  the  like).  Thus,  the  quantitative  analysis 
the  discharge  events  was  made  impossible,  ar.d  the  further  development  of  the 
theory  of  gas  discharge  was  seriously  hindered. 
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C500  TRADOC  1 

C509  BALLISTIC  RES  LAB  1 

C510  R&T  LABS/AVRADCOM  1 

C513  ARRADCOM  1 

C535  AVRADCOM/TSARCCM  1 

C539  TRASANA  1 

C591  FSTC  4 

C619  MIA  REDSTONE  1 

D008  NISC  1 

E053  HQ  USAF/INET  1 

E403  AFSC/INA  1 

E404  AEDC/DOF  1 

E408  AFWL  1 

E410  AD/IND  '  1 

E429  SD/IND  1 

P005  DOE/ ISA/ DO I  1 

P050  CIA/ OCR/ ADD/ SD  2 

AFIT/LDE  1 

FTD 

CCN  1 

NIA/PHS  1 

NIIS  2 

LLNL/Code  L-389  1 

NASA/NST-44  1 

NSA/121 3/TDL  2 


FTD-ID(RS)T-1848-82 


